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1'6. Abstmci 
Primary objectives of t h i s  project  were: 1 )  to  complete the devel- 
opment and construction of a high-speed x-ray cinematoqraphi c system for  
use in biomechanics research, 2 )  t o  determine i t s  operational charac te r i s t i c s  
in appl ica t ion,  and 3) to phase the system into  on-going biomechanics re- 
search programs a t  the Highway Safety Research I n s t i t u t e .  This system con- 
s i s t s  of a high-speed 16-mm motion picture camera which views a 2-inch 
diameter o u t p u t  phosphor of a high-gain four-stage, magnetically focussed 
image i n t ens i f i e r  tube, gated on and off  synchronously w i t h  shut ter  pulses 
from the motion picture camera. A lens op t ica l ly  couples the input photo- 
cathode of the image i n t ens i f i e r  tube to x-ray images produced on a f luor-  
escent screen by a smoothed di rect -current  x-ray generator. The system i s  
adaptable to a variety of experimental configurations because fluorescent 
screen s ize  and type can be re la t ive ly  eas i ly  and inexpensively changed. 
High-speed x-ray cineradiographs a t  1000 frames per second have been ob- 
tained of biological and non-biological material s during impact events. 
image qua1 i t y  in terms of contras t  and resolution has been found to be, strong 
l y  dependent on judicious introduction of contras t  media and targeting ma- 
t e r i a l  in specimens under investigation.  The primary objectives of t h i s  
project  have been successful ly accompl i shed. 
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SUMMARY 
Primary objectives of t h i s  project  were: 1 )  to  complete the 
development and construction of a high-speed x-ray cinematographic 
system for  use in biomechanics research, 2 )  to determine i t s  operational 
charac te r i s t i c s  in applicat ion,  and 3) t o  phase the system into  on- 
going biomechanics research programs a t  the Highway Safety Research 
In s t i t u t e .  The system consists  of a high-speed 16-m motion picture 
camera which views a 2-inch diameter o u t p u t  phosphor of a high-gain 
four-stage, magnetical ly  focussed image i ntensi f i  e r  tube, gated on and  
o f f  synchronously with shu t te r  pulses from the motion picture camera. 
A lens op t ica l ly  couples the input photocathode of the image i n t ens i f i e r  
tube to x-ray images produced on a f luorescent  screen by a smoothed 
di rect -current  x-ray generator. The system has been found to be adapt- 
able to a variety of experimental configurations because i t s  f luorescent  
screen s ize  and type can be re la t ive ly  eas i ly  and inexpensively changed. 
The prjncipal i tern required fo r  completion of the system was a sui table  
x-ray generator,  capabl e o f  produci ng  a re1 a t ive l  y steady beam i ntensi ty 
o f  x-rays, w i t h o u t  t h e  usua l  r i s i n g  and f a 1  1  i n g  f rom ze ro  o f  x - r a y  
i n t e n s i t y  a s s o c i a t e d  w i t h  ha1 f o r  f u l l  wave r e c t i f i e d  x - r a y  genera to rs .  
T h i s  was accompl ished by procurement o f  a  c o n v e n t i o n a l  x - r a y  g e n e r a t o r  
f i t t e d  w i t h  h i g h - v o l  t age  smoothing c a p a c i t o r s  across  t h e  secondary 
w i n d i n g  o f  t h e  h i g h - v o l  t age  t r a n s f o r m e r ,  wh ich  suppl  i e s  t h e  h i g h  anode 
p o t e n t i a l  t o  t h e  x - r a y  tube .  R i p p l e  on t h e  smoothed f u l l  wave r e c t i -  
f i e d  o u t p u t  i s  reduced t o  about  8% a t  r a d i o g r a p h i c  f a c t o r s  most o f t e n  
used i n  b iomechanics app l  i c a t i o n s  a t  HSRI, de termined by measurement 
w i t h  a  f a s t  s c i n t i  11 a t o r  and photomul t i  p l  i e r  t ube .  The x - r a y  g e n e r a t o r  
o b t a i n e d  and t h e  synchronous ly  ga ted  d e t e c t o r  p o r t i o n  o f  t h e  system 
f u n c t i o n  s u c c e s s f u l l y .  I n p u t  screen s i z e s  have been v a r i e d  between 
18 inches  down t o  4 i n c h e s  i n  v a r i o u s  a p p l i c a t i o n s .  
High-speed x - r a y  c i  n e r a d i  ographs a t  1000 frames p e r  second have 
been o b t a i n e d  o f  b i o l o g i c a l  and n o n - b i o l o g i c a l  m a t e r i a l s  d u r i n g  
impact  even ts .  Image q u a l i t y  i n  terms o f  c o n t r a s t  and r e s o l u t i o n  
has been found  t o  be g e n e r a l l y  good, and s t r o n g l y  dependent on j u d i c i o u s  
i n t r o d u c t i o n  o f  c o n t r a s t  media and t a r g e t i n g  m a t e r i a l  i n  specimens 
under i n v e s t i g a t i o n , .  The p r i m a r y  o b j e c t i v e s  o f  t h i s  p r o j e c t  have 
been s u c c e s s f u l l y  accompl i shed. 
Opera t i on  and Performance o f  t h e  H i  gh-Speed C ine rad i  og raph i  c  System 
I t s  method o f  o p e r a t i o n  . i s  as f o l l o w s :  an x - r a y  f l u o r e s c e n t  screen 
shadowgraph o f  an impac t  even t  i s  imaged by  t h e  o b j e c t i v e  l e n s  o n t o  t h e  
i n p u t  photocathode o f  t h e  image i n t e n s i f i e r .  The x - r a y  shadowgraph 
on t h e  f l u o r e s c e n t  screen v a r i e s  c o n t i n u o u s l y  i n  s p a t i a l  d i s t r i b u t i o n  
and i n  t ime .  When t h e  camera s h u t t e r  i s  i n  an open p o s i t i o n ,  t h e  
image tube  i s  t u r n e d  on t o  a l l o w  image 1 i g h t  a m p l i f i c a t i o n ,  and when 
t h e  s h u t t e r  i s  i n  a  c l o s e d  p o s i t i o n ,  t h e  image tube  i s  t u r n e d  o f f .  
T h i s  procedure  f o r  synchronous ly  g a t i n g  t h e  image tube  w i t h  t h e  camera 
was adopted t o  1 )  reduce n o i s e  i n t e g r a t i o n  i n  t h e  o u t p u t  phosphor, 
2 )  t o  l o w e r  t h e  d u t y  c y c l e  o f  t ube  o p e r a t i o n  t o  a1 l o w  f o r  h i g h e r  
x - r a y  i n p u t  f o r  c o m p a r a t i v e l y  t h i c k  b i o l o g i c a l  m a t e r i  a1 as encountered 
i n  human cadavers ,  and 3 )  t o  p r o t e c t  and conserve t h e  image i n t e n s i f i e r  
t ube  i n  genera l  f rom d raw ing  c u r r e n t  when no i n f o r m a t i o n  i s  b e i n g  
t r a n s m i t t e d  t o  r e c o r d i n g  f i l m .  
A schematic diagram of a representat ive impact experiment with 
applicat ion of the system i s  shown in Figure 1 .  Activation of the im- 
pactor driving uni t  s t a r t s  an automatic sequence of timed events which 
includes x-ray turn-on, motion picture camera s t a r t ,  gated image 
i n t ens i f i e r  tube operation i n  synchronization with the camera shu t t e r ,  
the impact event, and shut-down of the system, a l l  occurring in approxi- 
mately 200 ms. A magnetic pick-up element senses onset of the impactor 
head motion and provides a system act ivat ion pulse to  the x-ray con- 
t ro l  unit .  The x-ray control uni t  then d i s t r ibu tes  signals to the 
x-ray generator and high-speed motion picture camera, which then 
i n i t i a t e s  image i n t ens i f i e r  tube operation in gated mode. 
Components of the system are  shown in Figures 2 ( a )  and 2 ( b ) ;  
Figure 2 ( a )  shows the x-ray control uni t  a t  the l e f t ,  the d-c high 
voltage image i n t ens i f i e r  tube accelerat ing potential power supply 
on the c a r t ,  the e lec t ronics  contained i n  the cabinet a t  the r igh t  
fo r  the operation of the image i n t e n s i f i e r ,  and, in f ront  of the elec-  
tronics cabinet ,  the s t ruc tu re  of the output section of the image tube 
viewed by a high-speed motion picture camera. Figure 2 ( b )  shows the 
x-ray head and coll imator mounted o n  a f ix tu re  which permits 1 a tera l  , 
ver t ica l  , and longitudinal displacement. Beneath the x-ray head 
are  shown a 480 to  240 vo l t ,  37.5 kVA transformer and the high voltage 
transformer which supplies d-c voltage to  the x-ray tube anode. All 
of these components are mobile, t o  enable set-up in d i f fe ren t  HSRI 
1 aboratories.  
Several important fac tors  t ha t  a f f ec t  the performance of t h i s  
system a re :  1 )  percent r ipple  in the x-ray generator beam output, 
which has an e f f ec t  on motion-picture film density,  and, consequently, 
on radiographic contras t  from frame to  frame in a high-speed sequence 
of 1 2  ms duration,  fo r  example, 2 )  gating pulse shape, which should be 
near to  a square wave as possible,  i n  order t o  use the fu l l  gain of 
the image i n t ens i f i e r  tube during the few hundred microseconds i t  
conducts information, and to  avoid defocussing from variat ion in 
photo anode accelerat ing potential during t h i s  time, 3 )  gating pulse 
synchronization with camera framing shu t te r ,  t o  receive fu l l  o u t p u t  
information on  each film frame presented t o  the image tube o u t p u t  
phosphor, 4 )  l i gh t  output pulse decay time, to assure tha t  the chain 
FIGURE 1 .  Schematic Diagram o f  Impact  Exper iment  
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of four phosphors through the image tube have decayed t o  nearly zero 
o u t p u t ,  t o  avoid integration of residual images in a sequence with 
subsequent loss  of contras t ,  and 5 )  resolution and d i s to r t ion  of the 
o u t p u t  image when the system i s  operated in gated mode, t o  verify 
opt ica l ly  tha t  the system i s  operating a t  or  near i t s  fu l l  capabi l i ty  
These factors have been measured, and are  discussed below. 
Percent r ipple  i s  defined here as the r a t i o  of the peak-to-peak 
sinusoidal ampl i  tude variation to  peak d-c ampl i  tude, measured from a 
d-c zero baseline,  times 100. Other def in i t ions  of r ipple sometimes 
use root-mean-square values or  average values of the a-c component 
r iding on a d-c level , b u t  peak-to-peak measurement i s  more 
meaningful in t h i s  application because resul tant  film density i s  a 
function of excursions from maxima to  minima i n  energy t rans fe r  through 
the system. Figure 3 shows the r ipple  on  the 125 KvP, 100 mA x-ray 
output, obtained with a cal ci u m  tungstate sc in t i  1 l a t o r  d i rec t ly  
coupled t o  the window of an RCA-931A photomultiplier tube,  d-c coupled 
t o  an oscilloscope. The x-ray generator was operated for  0.1 sec . ;  
the abscissa represents time running toward the l e f t  in units  of 20 ms/ 
div. Ripple frequency i s  120 Hz, with a period of 8 ms, which corres- 
ponds t o  the full-wave rec t i f i ca t ion  frequency. I n  t h i s  case the per- 
cent r ipple i s  approximately 7 % ,  which has been found t o  be qui te  
sui table  fo r  high-speed cineradiography a t  HSRI. The degree of r ipple 
in the x-ray in tensi ty  o u t p u t  i s  d i rec t ly  proportional to x-ray 
tube current ,  and inversely proportional to  x-ray tube anode potent ia l .  
In experimental s i tua t ions  encountered, appropriate combinations of 
voltage and current  have yielded useful cineradiographic film sequences 
Gating pulse shape i s  shown in the upper t race  of Figure 4 .  
The peak amplitude of th i s  signal i s  proportional t o  a posit ive 3 . 3  Kv 
gate pulse, applied t o  the input photocathode of the image i n t ens i f i e r  
tube, which i s  normally a t  ground potential when the tube i s  in a 
conducting s t a t e .  The 3 .3  Kv gate pulse ra ises  the normally grounded 
photocathode t o  approximately the same potential as the f i r s t  dynode 
r ing in the f i r s t  stage of the image tube. This produces a nearly 
zero potenti a1 gradi ent  , and therefore no photo-el ectron f l  ow between 
i n p u t  photocathode a n d  the f i r s t  dynode, shutt ing the image tube o f f .  
FIGURE 4. Pul  se shapes and syn-  
c h r o n i z a t i o n  o f  l i g h t  o u t p u t  
w i t h  image t u b e  g a t e  p u l s e .  
Upper t r a c e :  3 . 3  Kv image t u b e  
g a t e  p u l s e ,  1 KHz i n p u t  f r e -  
quency, g a t e  p u l s e  w i d t h  c o n t r o l  
a t  0 .2  m s l d i v .  
Lower t r a c e :  PM t u b e  r e c o r d  o f  
image t u b e  1 i g h t  o u t p u t ,  0 . 2  
m s l d i v . ;  t i m e  r u n n i n g  t o  l e f t .  
FIGURE 5.  R e s o l u t i o n  i n  p u l s e d  
mode o p e r a t i o n ;  35 Kv dc i m a g e  
t u b e  a c c e l e r a t i n g  p o t e n t i a l  , 
1 KHz g a t e  p u l s e  f r equency ;  
293 ps  p u l s e  w i d t h ;  o p t i c a l  
m a g n i f i c a t i o n  r a t i o  o f  1  : 6 ;  
minimum r e s o l v a b l e  d imens ion  : 
0 .55 mm i n  o b j e c t  space.  
When the gate pulse voltage fa1 1s t o  zero, the photocathode i s  again 
in i t s  normal ground s t a t e  and tube conduction occurs. In t h i s  example 
the tube was on fo r  nearly 400 D S ,  and off  fo r  about 600 gs ,  a t  1 KHz 
pulse repet i t ion ra te .  Pulse width i s  control lable ,  and i s  normally 
s e t  a t  a  w i d t h  of 225  us to  overlap camera shu t te r  open time of 200 
p s  a t  1000 frames per second. The gate pulse i s  an excellent  approxi- 
mation t o  a square wave, w i t h  a  r i s e  time of approximately 50 P S ,  
without r inging,  overshoot, or variat ion in required voltage l eve l .  
Light output decay time i s  shown in the lower t r a ce ,  where the 
abscissa i s  in units  of 0 . 2  msldiv. ,  time running to  the l e f t .  
The image tube has three f a s t  phosphors with a decay t ine  of 5 2s each, 
and a P-11 output phosphor with a decay time of nominally 90 us. 
Decay time of the chain i s  the convolution of a l l  of them, b u t  approxi- 
mately 200 ps i s  seen on the lower t r ace ;  t h i s  a lso  includes in te r -  
dynode capacitance of the image tube and time constant of the photo- 
mu1 t i p 1  i e r  measurement c i r cu i t r y .  The dominant contributor t o  t h i s  
decay time i s  the P-11  phosphor, which actual ly  does not have a 
unique time constant ,  b u t  varies proportional ly  according to  exci ta t ion 
level and a lso  to  time duration of exci ta t ion.  When the gate pulse 
width is  narrowed to approximately 200 ; IS ,  decay t i ne  becomes smaller ,  
which allows a higher x-ray input level necessary for  re la t ive ly  dense 
subjects .  The l i g h t  output i n  the example shown i s  seen to f a l l  to  
nearly zero before the onset of a successive gate pulse. 
Optical ver i f ica t ion of resolution performance i s  shown in Figure 
5 .  A video t e s t  pattern char t ,  illuminated by a d-c incandescent l i g h t  
source, was viewed by the image i n t ens i f i e r  in gated operation a t  1 KHz 
pulse repet i t ion r a t e ;  pulse width was 293 3s ;  optical  magnification 
r a t i o  was 1 : 6 ,  i  . e . ,  the actual diameter of the t e s t  pattern viewed by 
the image tube objective lens was 1 2  i n ,  reduced t o  a  2 in .  diameter 
on  the photocathode. The image seen in Figure 5 i s  a  Polaroid photo- 
graph o f  the image tube o u t p u t  phosphor. Density variat ion i s  due t o  
specular ref lec t ion from the t e s t  pattern char t ,  and a lso  t o  non-uniform 
i l l  umination, because the 1 ight  source was not completely di f fuse .  
A1 1  1  i n e s  a r e  seen t o  be c l e a r l y  r e s o l v a b l e  a t  maximum convergence. 
The minimum w i d t h  o f  a  s i n g l e  b l a c k  l i n e  on t h e  a c t u a l  t e s t  c h a r t  i s  
0 .5  mm; so t h e  system has c a p a b i l i t y  t o  e a s i l y  r e s o l v e  0.5 mm i n  ob- 
j e c t  space. I n  o r d e r  t o  o b t a i n  t h e  maximum r e s o l u t i o n  p o s s i b l e  f rom 
an x - r a y  f l u o r e s c e n t  sc reen  o f  t y p i c a l l y  5 l i n e  pa i r s lmm ( 0 . 2  mm i n  
o b j e c t  space) and t h e  image tube  s p e c i f i c a t i o n  o f  22 l i n e s  pairs/mm, 
a  16-mm h igh-speed m o t i o n  p i c t u r e  camera and f i l m  comb ina t ion  o f  110 
l i n e  pairs/mm would  be r e q u i r e d ;  t h i s  i s  n o t  a t t a i n a b l e  w i t h  t h e  
r o t a r y  p r i s m  t y p e  camera used i n  t h i s  system, o r  any 16-mm m o t i o n  p i c -  
t u r e  camera w i t h i n  reasonab le  c o s t .  
Magnet ica l  l y  focussed image i n t e n s i f i e r s  d i s p l a y  a  c h a r a c t e r i s t i c  
s p i r a l ,  o r  S - t ype  d i s t o r t i o n ,  wh ich  i s  seen a t  t h e  edges o f  t h e  image 
i n  f i g u r e  5 as d i sp lacemen t  f rom l i n e a r i t y  o f  t h e  image o f  a  l i n e .  
These tubes p r o v i d e  l e a s t  d i s t o r t i o n  and h i g h e s t  edge r e s o l u t i o n  
compared t o  e l e c t r o s t a t i c a l  l y  focussed tubes ,  wh ich  g i v e  a  p i n c u s h i o n  
t y p e  d i s t o r t i o n  and d e f o c u s s i n g  a t  i t s  edges. E r r o r  c o r r e c t i o n  f o r  
d i s t o r t i o n  i n  q u a n t i t a t i v e  measurements i s  s t r a i g h t - f o r w a r d ,  and 
depends on wel l -known a n a l y t i c a l  methods wh ich  a r e  g e n e r a l l y  p a r t  o f  
computer programs. 
Appl i c a t i o n s  t o  Biomechanics Research 
C u r r e n t  i n j u r y  assessment r e s e a r c h  i s  aimed a t  f o u r  r e g i o n s  o f  
t h e  human body:  t h e  head, neck, t h o r a x ,  and knee. T h i s  system has 
been a p p l i e d  t o  a1 1  o f  t h e s e  r e g i o n s  i n  v a r i o u s  exper imen ta l  programs 
a t  H S R I .  Each s u b j e c t  specimen p r e s e n t s  a  d i f f e r e n t  p rob lem i n  choos ing 
x - r a y  f a c t o r s ,  t a r g e t i n g ,  and geometry so t h a t  optimum d e n s i t y  and 
c o n t r a s t  w i l l  be o b t a i n e d  i n  t h e  f i l m .  T a r g e t i n g  s t r u c t u r e s  o f  i n -  
t e r e s t  i n v o l v e s  s e l e c t i o n  and placement o f  rad iopaque m a t e r i a l  s  t o  
p r o v i d e  c o n t r a s t  enhancement. 
An example o f  an a p p l i c a t i o n  o f  t h i s  system t o  head impac t  r e -  
sponse i s  shown i n  F i g u r e  6,  wh ich  shows a 1000 frame p e r  second 
sequence reproduced f rom 16-mm mot ion  p i  c t u r e  f rames.  T h i s  example 
i s  p resen ted  because h i  gh-speed c i  n e r a d i  ography o f  t h e  head o f f e r s  
a  good t e s t  o f  system capabi  1  i t y .  The human head comprises a  dense 
h i g h l y  x - r a y  abso rb ing  and s c a t t e r i  nq m a t e r i a l  ; moreover,  t a r g e t i n g  
o f  t h i s  m a t e r i a l  i s  a  d i f f i c u l t  p rob lem i n  an impac t  s i t u a t i o n .  
Targets consist ing of 0 . 2 5  in. lead pe l l e t s  a re  seen in Figure 6 
d is t r ibuted throughout the brain t i s sue  and skull bone. A two inch 
horizontal reference scale  i s  seen a t  the center  of each frame, 
together with a  ver t ica l  reference 1 ine running from top t o  bottom of 
each frame. The charac te r i s t i c  S-type d i s to r t ion  i s  a1 so observed 
in the ver t ica l  reference. Impact occurred from l e f t  t o  r ight  from 
a  pneumatically driven t es t ing  machine spec i f i ca l ly  constructed a t  
HSRI fo r  impact s tudies .  Peak force was of the order of 8 kiloNewtons, 
10 ms duration,  with a  peak resul tant  1 inear velocity of 7 m/sec. 
The sequence shown in Figure 6 covers a  period of 12 ms; frames are  
1  rns apar t .  
The purpose of the head impact experiment was t o  study ap- 
p l  ica t ion of three-dimensional motion analysis  using accel erometry , 
brain vascular sys tern pressurization , and high-speed ci neradiography 
t o  understand more about head injury mechanics. Analysis of the head 
acceleration data indicated existence of brain motion r e l a t i ve  t o  the 
motion of the s k u l l ,  and t h i s  was confirmed by high-speed cineradio- 
graphy. Details and discussion of experimental methods and resu l t s  
are  given in the paper e n t i t l e d ,  "Head Impact Response" (Stalnaker,  
e t  a1 . ) ,  which i s  1 i s ted  in Lis t  of Publications based a l l  or  
in par t  on t h i s  NSF-supported project  accompanying t h i s  report .  
The qual i ty  of the high-speed cineradiographic output i s  of principal 
i n t e r e s t  in t h i s  discussion,  as follows. 
Ripple encountered a t  voltages and currents most often used are  
not a s ign i f i can t  problem. Densities from frame to frame are  qui te  uni 
form. The principal e f f ec t  of r ipple i s  seen in the central lower 
region of the brain where x-ray attenuation i s  the g rea tes t .  Frames 
5 ,  6 ,  and 7 show t h i s  e f f ec t  of a  s l i g h t  f a l l i ng  off  of x-ray 
ki 1 ovol tage ,  cur ren t ,  and therefore ,  x-ray i ntensi t y  . Brain materi a1 
x-ray absorption and sca t t e r ing  cross-sections vary as a  function of 
x-ray energy, generally increasing in absorption for  lower energies ; 
scat ter ing worsens fo r  higher energies,  b u t  as the film sequence den- 
s i t i e s  show, a l l  features of i n t e r e s t  are c lea r ly  discernable for  the 
degree of r ipple  present. 
FIGURE 6 . Example o f  1000 frame p e r  s econd ,  16-ma, c i n e r a d i o g r a p h y  
i n  head impact  sequence ;  impac t  o c c u r r e d  from l e f t  toward r i g h t .  
Contrast between skull bone and t r a i n  t i s sue  i s  observable, 
and contras t  enhancement between targeted points and biological 
material i s  c lea r ly  seen. Image resolution appears to  be maintained 
from frame to frame. The anatomy of frontal  bone s t ructure  i s  also 
c lea r ly  discernable,  which a s s i s t s  i n  location of the separation 
between bone and brain t i s sue  as brain motion progresses. 
In concl usion, the high-speed x-ray ci neradiographic system 
developed a t  HSRI i s  regarded as a successful development with 
potential fo r  s ign i f i can t  contributions to biomechanics research, 
pa r t i cu la r ly  so when needed optical  improvement fac tors  are ac- 
compl i shed, and the system moves in to  three-dimensional x-ray stereo- 
photogrammetry for  biodynamic response model val idation.  
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